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PATENT 

ATTORNEY DOCKET NO: 06457/007001 
^ A>^^ lASER PRQPRfigTMr! 

/ rr ■ Backgrou nd of the Invention 

This invention relates to employing a laser beam to 
vaporize or otherwise alter a portion of a circuit element 
on a silicon substrate and is particularly applicable to 
vaporizing metal, polysilicide and polysilicon links for 
memory repair. 

Semiconductor devices such as memories typically 
have conductive links adhered to a transparent insulator 
layer such as silicon oxide, which is supported by the main 
silicon substrate. During laser processing of such 
semiconductor devices, while the beam is incident on the 
link or circuit element, some of the energy also reaches the 
substrate. Depending upon the power of the beam, length of 
time of application of the beam, and other operating 
y parameters, the silicon substrate can be overheated afid 
^ damaged , 

^^ser processes of this kind have typically been 
g conducted at wavelengths of 1.047 fim or 1.064 Mm. Silicon 

has sufficiently low absorption at -these wavelengths that 
O the amount of beam energy employed to evaporate typical 
polysilicide and polysilicon links has not harmed the 
25 underlying silicon substrate. 

It has been recognized, e.g., by the present 
inventor, by Lapham et al. in U.S. Patent No. 4,399,345, and 
by others, that in laser processing of semiconductor 
devices, it can be advantageous to use wavelengths beyond 
the "absorption edge" of silicon (i.e., wavelengths greater 
than about l.l ^m, where the absorption of silicon drops 
precipitously) . This makes the silicon substrate more 
transparent to the laser beam, and reduces heating of the 
silicon caused by absorption of the beam. The preferred 
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wavelength, generally mentioned for this purpose has been 
1.32 or 1.34 ^m, though a broad theoretical range of low 
absorption has been identified. The 1-^32- or 1.34 /tm 
wavelength has been proposed as it is close to the minimum 
absorption of silifeon. 

Removal of memory links for memory repair is an 
application in which these considerations are relevant. As 
noted in "Computer simulation of target link explosion in 
laser programmable redundancy for silicon memory" by L.M. 
Scarfone and J.D. Chlipala, 1986, p. 371, "It is desirable 
that laser wavelengths and various material thicknesses be 
selected to enhance the absorption for the link removal 
process and reduce it elsewhere to prevent damage to the 
p remainder of the structure . " 

"^^e usefulness, in general, of thicker insulative 
J layers underneath links or circuit elements, and the 
=p usefulness of limiting the duration of heating pulses has 
^ also been recognized, as in the paper of which I was author, 
=^ "Laser Adjustment of Linear Monolithic Circuits", Litwin and 
g20 Smart, 166/L.I.A., Vol. 38 ILAELO (1983). 

Makers of semiconductor devices typically continue 
^ production of earlier developed products while developing 
and entering production of more advanced versions that 
typically employ different structures and processes. Marty 
25 current memory products employ polysilicide or polysilicon 
links while smaller link structures of metal are used for 
more advanced products such as the 256 megabit memories. 
Links of 1 micron width, and 1/3 micron depth, lying upon a 
thin silicon oxide layer of 0.3 to 0.5 microns are being 
used in such large memories. Production facilities 
typically have lasers and related equipment capable of 
operating at the conventional wavelengths of 1.047 ^^m or 
1.064 urn and also wish to have lasers and related equipment 
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capable of operating in the wavelength region recognized for 
its lower absorption by silicon. 

- S\inimarv of the Tnv^nfci^ 
I have realized that, while taking advantage of the 
lower absorption of silicon at a wavelength beyond the 
absorption edge of about 1.1 nm, and by tightly constraining 
the duration of the laser pulse in which energy is 
delivered, it is possible in many instances to obtain an 
improved overall result in throughput of successful repair 
of memory links, e.g. in high density memories, at high 
repetition rate of the laser pulses. Preferably the pulse 
duration for imparting sufficient energy to remove the link 
^ is constrained to less than 10 nanoseconds, more preferably 
Q to less than about 5, and even more preferably to about 4 
05 nanoseconds or less, while using a pulse repetition rate of 
g at least 5 Khz and preferably 8 Khz, 10 Khz or higher. 

so limiting the duration in which the energy 
P required to produce link removal is delivered, tenperature 
rise in the silicon can be limited to prevent damage. 

I have realized that, with the very small spot size 
used with small metal links, the heat may be considered to 
spread in essentially an exponential gradient by conduction , 
from the portion of the beam striking the target. By 
employing a peak beam power so high that sufficient energy 
for evaporation of the link is delivered in a pulse of 8 
nanoseconds, and preferably substantially less, the 
conductive component of heat transfer can be substantially 
confined to a metal link and the underlying oxide layer, 
despite its being very thin, such that the temperature rise 
in the silicon attributable to conduction and the 
temperature rise attributable to absorption of the beam in 
silicon, can cumulatively be kept below the temperature 
threshold at which unacceptable silicon damage occurs. 
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I have further realized that, to achieve the results 
with current practical technology, a laser having a 
wavelength that -is not beyond the abs<»ption edge of 
silicon, capable of high gain at high repetition rate 
conditions, should be employed to produce an original output 
beam and a shifting system should be interposed to shift the 
wavelength of the beam beyond the absorption edge of 
silicon. Specifically, I have realized that a laser with a 
high-gain wavelength, e.g. at 1.047 or 1.064 microns, 
shifted to a longer wavelength beyond the absorption edge, 
can produce the desired short pulse in which the requisite 
energy is delivered. 

Using a neodymium vanadate laser with a short cavity 
length, a pulse width of less than 5 nanoseconds can be 
achieved at repetition rates up to 10 Khz, and of 4 
nanoseconds up to about 8 Khz. 

By employing a system in which the pulse rate is 
thus at least 5 Khz, and preferably 8 Khz or 10 Khz, at a 
wavelength beyond the absorption edge of silicon with a 
pulse width of less than 8 nanoseconds, and preferably less 
than 5 nanoseconds or 4 nanoseconds, one can obtain clean 
removal of a link without leaving conductive residue. 

Furthermore, I have realized that by observing an 
upper limit on the wavelength of less than about 1.2 /tm, the 
overall process advantage of better focusability gained at 
such wavelength can outweigh any advantage that could 
otherwise be obtained by using longer wavelengths at which 
the absorption of silicon is more minimized. The sharpness 
of spot size and good depth of focus lead to reliable 
processing of very large die such as are carried on an 8- 
inch wafer, which may have significant variation in flatness 
over the die surface, in particular, many 8-inch wafers are 
less than about 300 microns thick and suffer a condition 
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sometimes referred to as the "potato chip" effect, in which 
the surface cxirves or otherwise is not flat. The smaller 
spot size and better depth of focus obfeai^iable by- 
maintaining the wavelength less than 1.2 ftm can improve the 
defect rate with such wafers in excess of what might be 
obtained when longer wavelengths, e.g. 1.32 fim, are 
employed. 

Thus, very clean removal of metal links of current 
design, e.g. of 1 micron width and 1/3 micron thickness, can 
be obtained, with high throughput of memory repair and with 
relatively few rejects. 

According to another aspect of the invention, an 
optical system is employed to accurately focus a laser spot 
when operating at a wavelength that is not beyond the 
absorption edge and the same optical system is used, without 
modification, at a wavelength beyond the absorption edge, 
constrained less than 1.2 /im. This provides a versatile new 
laser system that can be inexpensively retrofitted into 
existing laser systems. For instance, the initial 1.064 fim 
laser beam output of the system is useful directly for 
processing conventional polysilicide or polysilicon links, 
and, with the same optical system, using the constrained 
wavelength range beyond the silicon absorption edge, but 
less than 1.2 nm, fine metal links can be processed. 
Depending upon the work load of the particular production 
facility the optics of the system are optimized at one or 
the other of the working wavelengths. 

According to another aspect of the invention, a 
laser with high gain is employed for operating at the 
conventional wavelength, e.g. of 1.047 /tm or 1.064 fim, the 
laser cavity is constructed of appropriately short length 
and is otherwise selected to produce the necessary power 
within a pulse width less than about 8 nanoseconds, and 



preferably. 5 nanoseconds or 4 nanoseconds, at pulse 
repetition rates of 5 Khz or higher, and a wavelength 
shifter is removably insertable in the-iaser output beam to- 
shift the wavelength to the range beyond the absorption edge 
but less than 1.2 fim. This system may be selectively 
employed for different processes at wavelengths above and 
below the absorption edge of silicon. 

In one embodiment of this aspect of the invention, a 
neodymium vanadate laser is employed having a short cavity 
length. 

For use with the system employing the removable 
shifter, the optics of the system are optimized for 
wavelength A^, the wavelength less than the absorption edge, 
or A, the wavelength greater than the absorption edge but 
less than 1.2 fim, or an intermediate wavelength. In a 
system where most production is to employ a process at 
wavelength A^, the optics are optimized for X^, with some 
slight sacrifice with respect to the longer wavelength A. 
Similarly, where production is mainly at wavelength A, the 
optics are optimized at A, with modest degradation for 
operation at A^. A compromise between those 2 wavelengths 
at Aj^ + A can be eitployed. 

While according to certain aspects of the invention, 
a neodymium vanadate laser is employed to provide a suitably 
short pulse width, for instance less than 5 or 4 
nanoseconds, for repetition rates up to 8 or 10 Khz or 
above, in certain broader aspects, the invention is not 
limited to that particular laser or to the other particular 
features mentioned. In the future it is contemplated that 
tunable lasers will be useful to the advantage of certain 
aspects of the present invention. 

Numerous other features, objects, and advantages of 
the invention will become apparent from the following 



detailed description when read in connection with the 
accon^anying drawings. 

Brief D escription of the-Dr-awinga 

Figs. 1 and 2 are absorption curves for silicon. 

Fig. 3 is a drawing of a laser beam focused onto a 
small spot on a focal plane. 

Fig. 4 is a plot of the power density of a laser 
beam spot on a work piece as a function of the spot's 
distance from the focus of the laser beam. 

Fig. 5 is a block diagram of a memory repair system 
that operates at 1.198 ^m. 

Fig. 6 is a perspective diagrammatic view of a link 
of a memory on its substrate. 

Fig. 7 is a plot of temperature at the interface 
between the silicon dioxide layer and the silicon substrate 
in Fig. 6, as a function of the thickness of the silicon 
dioxide layer. 

Fig. 8 is a plot of energy per pulse for a neodymiura 
vanadate laser over a range of repetition rates of the 
pulses . 

Fig. 9 is a plot of pulse width for a neodymium 
vanadate laser over a range of repetition rates of the 
pulses. 

Fig. 10 is a table of stimulated cross section, 
fluorescent lifetime, 1^^^, and single-pass gain for various 
laser materials at various wavelengths. 

Fig. 11 is a table of optimum output couplers for 
various laser materials at various wavelengths. 

Fig. 12 is a table of minimum pulse widths for 
various laser materials at various wavelengths. 

Figs. 13-15 are plots of pulse widths of different 
materials at shorter wavelengths (1.047 microns and 1.064 



microns) and longer wavelengths (1.32 microns and 1.34 
microns) . 

Fig* IS is a block diagram similaij to Fig. 5, 
operating at 1.064 fim. 
5 Fig. 17 is a side view of the system of Fig. 16 

showing the replaceable addition of a wavelength shifter to 
achieve the system of Fig. 5. 

Fig. 18 is a drawing of a neodynium vanadate laser 
and a barium nitrate Raman wavelength shifter. 

Detailed Descriphinn 
The techniques of the present invention provide 
quick and reliable removal of links in semiconductor memory 
^ devices. By increasing the probability of success of 
g removing individual links, the invention increases the 
pl5 overall probability of successfully repairing a given 
J° semiconductor device having many links to be removed. 
£ thereby providing successful yields of repaired 
^ semiconductor devices. 

^ This is especially important because as the number 

^20 and density of memory cells in semiconductor devices has 

increased from 64 -kilobit memories to 256 -megabit memories, 
the physical size of the memories has become greater. 
Although clean rooms have improved, the defect density 
remains constant for each class of clean room. This means 
25 that the number of defects per semiconductor device 

increases with area. Hence, as the number of storage bits 
increases, the number of redundant rows and columns of 
memory also increases. For some 1 -megabit memory designs 
the number of links to support redundant repair is 120, and 
for 256-megabit memories the number of links has increased 
to 5000. The number of links required for a 1-gigabit 
memory may increase to 100,000. 
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Moreover, the increased probability of success of 
removing individual links provided by the present invention 
is particularly -valuable because the probability of 
successfully repairing a semiconductor device varies 
exponentially with the probability of successfully removing 
individual links. In particular, if the number of links to 
support redxindancy in a semiconductor device is n and the 
probability of successfully removing a given link is p, then 
assuming the removal of each link is an independent event, 
the probability P of repairing a semiconductor device is: 

P = p'^. 

For a 1-megabit memory with 120 links and a probability p of 
99.99 percent for removing a single link reliably, the 
probability P of repairing the entire semiconductor device 
is 98.8 percent. For a 256-megabit memory with 5000 links 
to remove, the probability P drops to 61 percent. 

The techniques of the present invention also provide 
a high-gain laser system at high manufacturing throughput. 
This is especially important because the pulse-to-pulse 
power stability of laser pulses at high repetition rates 
(high throughput) can be adversely affected if the gain of 
the laser system is too low. By providing a high-gain laser 
system the invention reduces this variation in output and 
thereby improves the ability of the laser system to 
successfully remove links at high throughput, which is 
particularly valuable due to the increasing absolute number 
of links per semiconductor device (the speed of link removal 
has increased from 100 links per second up to 10,000 links 
per second for recent devices) . In particular, by 
maintaining the wavelength of the laser pulses less than 1.2 
Mm, the gain of the laser system is improved as compared 



with operation at 1.32 nm (as is explained in detail below), 
thereby in^jroving pulse-to-pulse stability and the overall 
probability of successfully removing eack-link. 

The improved gain provided by the techniques of the 
present invention is also important because short laser 
pulses, which prevent heat from dissipating into the silicon 
sxibstrate and adjacent structures of a memory device, 
require a high gain. 

Figs. 1 and 2 are curves that show the absorption of 
silicon as a function of wavelength at approximately room 
temperature. The absorption rapidly drops off after about 
one micron. The absorption edge is typically about 1.12 
microns. At wavelengths greater than 1.12 microns, the 
silicon starts to transmit more and more easily, and thus it 
is possible to obtain better part yields upon removing 
material from the silicon substrate. 

Absorption in silicon can be divided into three 
areas of interest. The first is for wavelengths shorter 
than those corresponding to the absorption edge ("below the 
absorption edge"), the second is the transition region near 
the absorption edge, and the third is for longer wavelengths 
("beyond the absorption edge"). For wavelengths below the , 
absorption edge the strong absorption is due to carriers 
being raised from the valence band to the conduction band. 
In the long wavelength region the absorption is due to free 
carriers, crystal lattice vibrations, absorption in 
inpurities, etc., and in this range the absorption is 
minimal. For the wavelength under consideration, the 
transition region is of prime interest. 

Figs. 1 and 2 provide detail of the absorption in 
this transition region. In the range around 1 micron the 
absorption coefficient decrease by a factor of four orders 
of magnitude going from 0.9 microns to 1.2 microns. In 



going from, the standard laser wavelength of 1.047 microns to 
1.2 microns the curve shows a drop of two orders of 
magnitude. To put this into perspectiveT- let us examine the 
absorption in 1 millimeters of silicon based on Figs. 1 and 
2: 

Absorption = 1 - i/Iq = i - exp(-coc) 

where x is the thickness of the sanple (1 millimeter) , I is 
the energy level at the distance x into the substrate, 1q is 
the incident energy at the surface of the silicon, and a is 
the absorption coefficient. The absorption coefficient a is 
20 cm'^ for 1.047 microns and 0.1 cm'^ for 1.2 microns. For 
these two exanples, 86.5 percent of the energy is absorbed 
in the silicon substrate at 1.047 microns wavelength and 1 
percent of the energy is absorbed at 1.2 microns. This 
shows a drastic change in absorption for a very slight 
change in wavelength. Thus, operating the laser at a' 
wavelength beyond the absorption edge of the substrate 
circumvents damage to the substrate, which is especially 
important if there is a slight mis-alignment of the laser 
beam with respect to the link. 

In certain embodiments of the memory repair system 
described in detail below, the laser beam output is beyond 
the absorption edge of silicon but is constrained to less 
than 1.2 microns, rather than a wavelength that optimizes 
the transmissivity of silicon. The laser beam output, 
constrained to less than 1.2 microns, produces a sharply 
defined spot and good depth of focus for reasons explained 
below. 

In particular, with reference to Fig. 3, the ability 
of a lens 36 to focus to a small spot 38 is dependent upon 
the wavelength of the laser, the size of the laser beam as 



it enters the lens, and the focal length of the lens. The 
spot size at the focus of a lens subsystem is given by: 



KxAxCLens Focal length) 

Focused Spot Size = KxXxF# 

Entrance Aperture of Lens 

where A is the laser wavelength and K is a constant 
dependent upon lens design (typically between 1.83 and 2). 
As the F# of the lens (the focal length divided by the input 
beam diameter) becomes smaller, the more difficult it is to 
design the lens. As the lens approaches an F# of one, 
extreme care must be taken in lens design. For example, for 
a wavelength of 1.32 microns, an F# of one, and a lens 
constant (K) of two, the focused spot size is 2.6 microns. 
This is very much in the realm of the focused spot size 
required of memory repair. For a given F# lens, increasing 
the wavelength from 1.047 microns to 1.198 microns increases 
the spot size by 14 percent. Increasing the wavelength from 
1.047 microns to 1.318 microns increases the spot size by 26 
percent. Therefore, it is advantageous to keep the 
wavelength as short as possible and still have the benefit 
of the decreased absorption by operating the laser at a 
wavelength beyond the absorption edge of the substrate. 

Another important consideration is the depth of 
focus, which is defined as the distance over which spot 
diameter remains reasonably constant. The depth of focus 
varies inversely to the square of the spot size and 
inversely to the wavelength of the laser. An empirical 
formula is given by: 



Depth of Focus = (Spot Size) 2/ [3x (Laser Wavelength)]. 



For a foumnicron spot the depth of focus at 1.047 microns 

is plus or minus five microns. AT 1.32 microns the depth of 
■ focus drops to plus or minus four micrens-* This is a 

substantial difference. 
5 The variation of a four-micron spot size as the beam 

deviates from focus affects the power density on the work 

piece as shown in Fig. 4, 

In the block diagram of Fig. 5, a system for 

removing a link in a memory repair system within a clean 
10 room is shown. Laser 10 is constructed to operate at 

wavelength A^, 1.064 fim, which is less than the absorption 

edge of silicon. It is aligned to a wavelength shifter 12 
^ that is constructed to shift to a wavelength beyond the 
□ absorption edge of silicon. As is explained in more detail 
U15 below, the beam is then passed through a controlled electro- 
= acousto-optic attenuator 13, expanded by a telescope 14, 
=p and, at a scanning head 15, is scanned over a focusing lens 
2 16 by two scanner galvanometers, 18 and 20. The spot is 

focused onto wafer 22 for removing links 24, under control 
^20 of cojtputer 33. 

D The laser 10 is mounted on a stable platform 11 

^ relative to the galvanometers and the work piece. It is 
m controlled from outside of the laser itself by computer 33 
to transmit its beam to the scanner head comprising the 
25 accurate X and Y galvanometers 18 and 20. It is very 

important, in removing links that the beam be positioned 
with accuracy of less than 3/10 of a micron. The timing of 
the laser pulse to correlate with the position of the 
continually moving galvanometers is important. The system 
30 conputer 33 asks for a laser pulse on demand. 

A step and repeat table 34 moves the wafer into 
position to treat each memory die. 
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In. one embodiment, the laser 10 is a neodymium 
vanadate laser, with an overall length L of about 6 inches, 

and a short cavity length. 

The shifter 12 of this preferred embodiment is 
external to the cavity, and is about another 4 inches long. 

The laser is a Q-switched diode pumped laser, of 
sufficient length and construction to enable external 
control of pulse rate with high accuracy by computer 33. 

The cavity of the laser includes a partially 
transmissive mirror 7, optimized at k^, which is the 
wavelength at which the lasing rod 6 of neodymium vanadate 
is pumped by the diode. The partially transmissive output 
mirror 9 is also optimized at k^. 
P The pumping diode 4 produces between about one and 

015 two watts depending on the design. It focuses onto the rear 
^ of the laser rod 6. As mentioned, the laser rod is coated, 
=p on its puirped end, with a mirror 7 appropriate for the 
2 standard laser wavelength of 1.064 nm. The other end of the 
s_ rod is coated with a dichroic coating. Within the laser 

y 20 cavity is an optical Q-switch 8 in the form of an acousto- 

optic modulator. It is used as the shutter for establishing 
the operating frequency of the laser. Beyond the Q-switch . 
is the output mirror 9. The two mirrors, 7 on the pumped 
end of the laser rod and 9 beyond the acoustic optical Q- 
25 switch, comprise the laser cavity. 

A system optical switch 13 in the form of a further 
acousto-optic attenuator is positioned beyond the laser 
cavity, in the laser output beam. Under control of computer 
33, it serves both to prevent the beam from reaching the 
30 galvanometers except when desired, and, when the beam is 
desired at the galvanometers, to controllably reduce the 
power of the laser beam to the desired power level. During 
vaporization procedures this power level may be as little as 
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10 percent of the gross laser output, depending upon 
operating parameters of the system and process. The power 
level may be about 0.1 percent of the-gress laser output 
during alignment procedures in which the laser output beam 
is aligned with the target structure prior to a vaporization 
procedure . 

' In operation, the positions of the X, Y 
galvanometers 10 and 12 are controlled by the computer 33 by 
galvanometer control G. Typically the galvanometers move at 
constant speed over the memory device on the silicon wafer. 
The laser is controlled by timing signals based on the 
timing signals that control the galvanometers. The laser 
^ operates at a constant repetition rate and is synchronized 
p to the galvanometers by the system optical switch 13. 

In the system block diagram of Fig. 5 the laser beam 
I is shown focused upon the wafer. In the magnified view of 
J Fig. 6, the laser beam is seen being focused on a link 
^ element 25 of a memory circuit. 

^ The spot size is typically 3 to 4 microns in 

^20 diameter, with peak power occurring in the center of the 
p spot in accordance with a gaussian distribution, and with 
^ lower power occurring at the edges. 

m The link 25 is somewhat smaller than the spot size. 

A link may be for instance 1 micron wide and about 1/3 
25 micron thick. In the case demonstrated here the link is 
made of metal. 

The metal link is supported on the silicon substrate 
30 by silicon dioxide insulator layer 32, which may be, 
e.g., 0.3-0.5 microns thick. Over the link is another layer 
30 of silicon dioxide (not shown) . In the link blowing 

technique the laser beam impinges on the link and heats it 
to the melting point. During the heating the metal is 
prevented from vaporizing by the confining effect of the 
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overlying layer of oxide. During the duration of the short 
pulse, the laser beam progressively heats the metal, until 
the metal so expands that the insulator- material ruptures. - 
At this point, the molten material is under such high 
pressure that it instantly vaporizes and blows cleanly out 
through the rupture hole. 

For this process to occur, significant pressure in 
the molten material is required. Over the time that the 
metal is heating to the melting point and building up 
pressure, the heat can conduct to other parts of the wafer. 
By achieving this pressure with a very short pulse, however, 
we limit the amount of heat conducted into the silicon 
substrate. Techniques for producing very short pulses are 
described in Smart, U.S. Patent No. 4,483,005, the entire 
disclosure of which is hereby incorporated herein by 
^ reference . 

j particular, silicon dioxide layer 32 between 

^ silicon substrate 30 and link 25 is about 30Q0 to 5000 
=^ Angstroms (0.3 microns to 0.5 microns) thick. This 
g20 structure is shown in Fig. 6. The heat is conducted to 
O substrate 30 and along link 25 as shown. The amount of heat 
that is transferred to substrate 30 through silicon dioxide , 
layer 32 is dependent upon the material characteristics of 
the oxide (the thermal dif fusivity) , the thickness of oxide 
25 layer 32, and the length of the laser pulse. The 

calculation of this thermal transfer is quite complex, but a 
qualitative feel for the effect can be indicated by the 
formula for temperature T at the interface between oxide 
layer 32 and silicon substrate 30: 
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T(2,t) = Ts{l - erf [2/2(Kt)«]}, where 
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erf(x) = [2/(7r)«]Je dC, and 

0 



Ts is the surface temperature, z is the thickness of the 
layer (for oxide this is 0.3 microns), k is the thermal 
diffusivity of the silicon dioxide layer, and t is the 
length of the laser pulse. T(z,t)/Ts is plotted in Fig. 7 
for the silicon dioxide layer for two laser pulse widths of 
3 nanoseconds and 20 nanoseconds. The curves in Fig. 7 
clearly show that using a shorter pulse width helps in 
preventing heat from being conducted into the silicon 
substrate. 

^ Thus, short laser pulses are advantageous in 

M processing high-density memories because the short pulse 
gi5 contains the heating of material to the link area. Short 
I pulses prevent the heat from dissipating into the silicon 
y substrate and adjacent structures, thus causing collateral 
damage. Hence, it is desirable to use conventional lasers 
O with short laser pulse capabilities. 

^20 According to the invention, the silicon substrate is 

H kept relatively cool both by appropriate selection of 
□ wavelength and by limiting the pulse duration, with a 
ry correspondingly high peak pulse. By selection of the 

wavelength beyond the absorption edge, but constrained to be 
less than 1.2 /tm, the silicon does not have the capability 
to absorb very much of the energy, while most of the heat is 
confined to the link by keeping the pulse short. 

By thus limiting the heating, it is possible to 
ensure that the silicon does not shift its absorption edge 
into the infrared and enter a thermal runaway condition in 
which silicon damage can occur. 
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In .Figs. 8 and 9 we show a plot of the energy as a 
function of repetition rate, and also the minimum obtainable 
pulse width as a function of repetition-rate, for the 
neodymium vanadate laser. As shown in this diagram, the 
pulse width is short up to about 10 Khz and the energy stays 
nearly constant up to that level. In most circumstances, it 
is highly advantageous to operate the laser in the higher 
repetition rate range to achieve high productivity and 
speedy handling of the wafer. 

This will be more fully xmderstood from the 
following considerations. 

As is well known, a 256 megabit memory device is 
typically about 10 mm wide and as much as 1.8 cm long. A 
256 megabit memory device stores 256 million bits of 
information. In production, the memories are tested before 
memory repair is conducted. In memories like this there are 
rows or columns of elements, with a number of redundant 
rows. If a bad row is found, it is recorded and is 
subsequently surgically removed in the manner that has been 
described, and a spare row is programmed in to the circuit 
by also removing links to switch transistors. 

It is very important to have the number of links 
removed per second be as high as possible. The bigger 
memories, such as the 256 megabit memory, have many more 
links than smaller memories, and hence have more links to be 
removed. Whereas in the 1 megabit memory, perhaps only 20 
links total are removed, in a 256 megabit memory 2,000 or 
3,000 links may be removed. 

With the present invention a higher throughput of 
link removal is achievable because higher repetition rates 
are made possible. Link removal is performed efficiently 
and with high yield (high probability of successful link 
removal) because the high-energy pulse is short and 



therefore blows the link cleanly, while the substrate is not 
damaged because the amount of total power is limited by the 
short pulse length and the use of a siightly longer 
wavelength, just beyond the absorption edge. Thus, high 
5 throughput and reliability of the process of removing links 
is achievable, with low reject rate. 

All of these advantages are obtained by a system 
that is efficient and small in size. Size is important 
because the system typically must be used in a clean room to 
10 keep the semiconductor devices clean. Space in clean rooms 
is expensive, and so to keep the system small and still do a 
good job is a considerable advantage. Likewise it is 
_^ advantageous to avoid water cooling or accessing cooling 
h hoses and the like, to avoid environmental problems, as 
015 clean rooms must be temperature controlled to a very high 
J level. The embodiment of Fig. 5 has these advantages as 
^ well. 

\f\ ^® mentioned above, in the embodiment of 

^JsT^ Fig. 5, a conventWal laser 10 with a very short pulse 
^^Q^V^idth, designed to ih^ntain this pulse width over a 
go substantial range of IWr repetition rates, is introduced 
M into a system that incluites a wavelength shifter 12. The 
conventional laser 10 at i\d64 microns or 1.047 microns 
typically has a very high gaW and can be easily designed to 
25 develop the requisite short puW. A laser configured to 
intrinsically have the longer wa\length, such as the 1.32- 
micron wavelength of YAG or YLF, w^d have intrinsically 
low gain and hence will have a pulse\idth much longer than 
desired. The Nd:V04 (vanadate) laser has very high gain 
30 and constant pulse width at high repetition rates operating 
at 1.064 microns. The wavelength shifter \2 (such as a 
stimulated Raman scattering laser) can shif\the wavelength 
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to beyond the absorpti<Jn edge of silicon without increasing 
the laser pulse width. 



For memory repair, the energy -pea?-- pulse required to • 
remove links is extremely small and can be easily provided 
by any of the laser types to be discussed. What is 
important in memory repair in accordance with the present 
invention is a short laser pulse. In the following 
discussion we explain why a laser operated at a standard 
wavelength can produce pulses shorter than can be produced 
by the same laser operated at a longer wavelength. In 
particular, we will derive some approximate formulas for 
laser design and use these formulas to compare different 
laser materials and wavelengths to show why minimum pulse 
width increases with wavelength. In order to accomplish 
this we first examine two characteristics of a laser upon 
which its minimum pulse width depends: single pass gain and 
optimum output coupler. 

The single pass gain of the laser is an important 
performance parameter of a laser. For a laser to oscillate, 
the optical power gain must be greater than the losses 
within the cavity. In fact, the laser threshold is defined 
as the point at which the optical gain is equal to the 
losses. For a Q-switched laser, the pulse width is 
dependent upon the length of the cavity, the transmission of 
the output coupler (the front mirror) , and the magnitude of 
the gain over its threshold level. 

Let us eai^mine the laser aspects that make up the 
single pass gain. >t^s dependent upon the power density of 
the light source used tbv^ump" the laser, the efficiency of 
conversion of this power tbsjiseful laser output, and the 
material characteristics of tii^lasing medium. The 
relationship is given as follows: 



Gain = Xp/ [Ig^t (Ap^+A^ode) 

where is the efficiency of conversi^-ef punp light to 
^ laser output, P is thd pump power (i.e., the effective power 
^ delivered by the laser\diode) , Ig^^ is a material parameter 
dependent on the laser Wterial and its doping, Ap^^ is the 
cross -sectional area covered by the pump beam in the laser 
rod, and A„ode the cro^s- sectional area of the laser mode 
within the laser r^ 

Except for Igat' the gain is dependent on laser 
system design. For the ^ight^^^^Elect^onics laser. Model 
110, the pump ef f iciency X^is about 25\ercent, the 
effective pump power used P is 0.7 watts, the pump area 
^ump is 0-46 square millimeters, and the laser mode cross- 
sectional area A^^^e is 0.015 square millimeters. 

Isat' the material -dependent parameter, relates to 
the storage time capabilities of the laser material and its 
"lasing cross section for stimulated emission." The higher 
the cross section, the higher the gain. This material - 
dependent parameter is given by: 

Isat = hv/ar 

where h is Planck's constant, v is the frequency of light 
(the speed of light c divided by the lasing wavelength A) , a 
is the cross section for stimulated emission, and t is the 
energy storage time or "the upper state lifetime." 

The values of a, t, ig^^, and single-pass gain for 
the typical laser materials are given in the table of Fig. 
10. This table shows that at the 1.32 -micron wavelength for 
YAG and YLF lasers the single-pass gain is much less than at 
1.064 and 1.047 microns. Preferably, the single-pass gain 
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should be .about 20 percent or greater, and the fluorescent 
lifetime should be less than about 100 microseconds 

Another inportant system parameter that needs to be - 
chosen in laser system design is the optimum output coupler. 
This is directly dependent on the gain and losses within the 
laser cavity. The transmission of the output coupler is 
given as follows: 

"^optimum = 2 [ (gain x loss)** - loss]. 

For the Light Wave ^^^^llO^laser the single- 

pass loss is approximately >^ percent . The gain, as has 
been previously mentioned, is dependent on the laser 
material. The output couplers for various materials are 
shown in the table of Fig. 11. Preferably the optimum 
output coupler should be greater than 5 percent. 

With the establishment of the laser system 
parameters (gain and output coupler transmission) , the 
duration of the Q-switched pulse (laser pulse width) can be 
calculated. The Q-switched pulse width is a multiple of the 
cavity decay time t^, which is defined as the time taken for 
63 percent of the light in the laser resonator to exit from , 
the mirror of the laser. This time is given by: 

t<, = 2Ln/cT 

where L is the cavity length (20 mm for the Light Wave Model 
110 laser) , T is the transmission of the output coupler, c 
is the speed of light, and n is the average index of 
refraction of the laser cavity (assumed to be 1.48). 
Knowing the ratio of stored energy versus threshold energy, 
one can calculate the laser pulse width as follows: 



Tp = {rn(r)/[r-l-ln(r)]} x 



where Tp is the -laser pulse width, r is-fehe initial ratio of- 
the energy stored in the cavity versus the threshold energy 
(this is the round trip gain {2 x single-pass gain) / mirror 
transmission) , and « (r) is the efficiency of the Q switch in 
extracting the stored energy (r) is 1 for ra2) . The pulse 
widths for various materials and wavelengths are shown in 
the table of Fig. 12. 

The above calculations from which we derive the 
laser pulse width Tp assume that the laser stores the 
maximum energy that can be stored in the laser. This 
assumes that the repetition rate of the laser is very low, 
i.e., that there is enough time between pulses to allow the 
rod of the laser to come to the maximum storage level. This 
time is much greater than the "upper state lifetime" t that 
is characteristic of the laser material, which is the time 
it takes to allow the rod of the laser to come to 63 percent 
of the maximum storage level. We now describe how the laser 
pulse width Tp varies with respect to the repetition rate at 
which the laser operates. 

The maximum energy that can be delivered by a laser . 
is a function of the maximum laser power and the storage 
time (the "upper state lifetime"), and is given by: 

^max ~ ^cw'' 

wiiere is the maximum energy that can be extracted from 

the laser, P^^, is the maximum average power of the laser, 
and T is the storage time or "upper state lifetime." Once 
and the laser pulse width Tp are determined, then one 
can calculate the energy per pulse E and the pulse width T- 



at any other repetition rate using the following 
approximations : 



E = E^ll-expi-t/T)]; 



Tp - T„/[l-exp(-t/T)] , 



5 where t is the time between laser pulses (the inverse of the 
repetition rate) . 

With the above equations, knowing the system 
parameters and material constants, one can calculate the 
energy per pulse and the laser pulse widths for various 
^10 repetition rates and wavelengths. Plots are given in Figs. 

□ 8 and 9. It is generally preferred that the pulse width be 
U substantially flat with respect to repetition rate, i.e., 

p that it should vary no more than about 25 percent from zero 
=P to 10 kilohertz. 

p'-^ From the plot in Fig. 8 one can see that the longer 

storage time of the YLF laser yields much higher energy per 
^ pulse but has the most change in energy as a function of 

□ repetition rate. On the other hand, the vanadate laser has 
^ the lowest energy per pulse but has relatively less drop off, 
^20 as a function of repetition rate. For memory repair, the 

vanadate characteristics of energy versus repetition rate 
are much more desirable. Since the upper state storage time 
for 1.32 microns is similar to the 1.047 and 1.064 micron 
levels, the energy versus repetition rate is about the same. 



25 Fig. 9 shows t^e repetition rate for the three 



different materials as \ function of repetition rate. Not 
only does the YVO4 (vanadate) have the shortest pulse width, 
but it maintains this pulsX width over a very wide range. 

Figs. 13, 14, and 15 compare the pulse widths of 
different materials at the shorter wavelengths (1.047 
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microns and 1.064 microns) with the longer wavelengths at 
1.32 microns and 1.34 microns. In these graphs the pulse 
width is very much affected by going to-the longer 
wavelengths . 

Referring again to Fig. 5, in order to achieve the 
shortest possible pulses at longer wavelengths it is 
proposed that a shorter-wavelength laser 10 be used and that 
the wavelength be shifted as required by using a stimulated 
Raman scattering (SRS) laser as the wavelength shifter 12 . 
This SRS laser 12 is predicted to have a 50 percent 
efficiency in energy conversion, and the laser pulse width 
produced by SRS laser 12 will be the same as or a little 
shorter than the laser pulse width produced by conventional 
g laser 10. SRS laser 12 has the additional advantage of 
Q15 shifting to a wavelength somewhat shorter than the 1.32 
^ micron and 1.34 micron wavelengths produced by YAG, YLF, or 
^ YVO4 lasers . 

g The vanadate laser (YVO4) has the best performance 

J as conventional laser 10 because it provides the shortest 
020 laser pulse and maintains this short pulse over the recjuired 
P puise repetition rate. A short -pulse YVO4 laser 10 operating 
SI at 1.064 microns wavelength, shifted to 1.198 microns by 
wavelength shifter 12, is the laser of choice. The 
stimulated raraan scattering laser 12 shifts the 1.064 -micron 
25 wavelength to beyond the absorption edge of silicon, and so 
improves the memory repair process. 

Fig. 5 shows wavelength shifter 12 in place. The 
shifter is constructed to be removable and the system made 
operable without it in place. 

Semiconductor memory facilities usually employ a 
number or processes that have been established over a period 
of time. For example a 1 megabit memory may be produced one 
day, which has polysilicon links, which are removed 
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efficiently using the standard wavelength of 1.064 /im. The 
next day a newer device may be produced which has metal 
links and are advantageously removed by t he system just 
described. 

In a practical system, the shifter is constructed to 
be moved in and out of the beam line. For this purpose, the 
shifter is pre-aligned and accurately point pinned by pins 
31 into the stable structural base plate 11 of the laser 
system (see Fig. 17) . When shifter 12 is removed from its 
pins, everything else (i.e., the laser, the system switch 
13, etc.) remains properly aligned so that only 
recalibration is required. 

Fig. 16 shows the system of Fig. 5 with the shifter 
removed for removing links using a treatment beam of 1.064 
fim. To operate at the longer wavelength, the shifter is 
replaced in its pins and no realignment is required. 

As mentioned, the invention can be implemented using 
neodymium vanadate lasers and using a removable solid-state, 
stimulated Raman scatter shifter. Barium nitrate Raman 
shifters appear to be especially useful because they have a 
high damage threshold (they are not easily damaged by high- 
density laser beams) . One particular implementation of a 
barium nitrate Raman shifter is shovm in Fig. 18. Vanadate 
laser 10 produces a light beam that impinges on dichroic 
mirror 40, which is highly reflective at 1.064 microns but 
highly transmissive at 1.198 microns. The 1.064 -micron 
wavelength light from laser 10 is reflected into barium 
nitrate wavelength shifter 12, which shifts wavelength of 
the light to 1.198 microns. The 1.198 -micron wavelength 
light is reflected between mirror 42, which is highly 
reflective at 1.198 microns, and mirror 44, which is 50- 
percent reflective at 1.198 microns (in order to let some of 
the 1.198 -micron wavelength light escape as the output of 



wavelength, shifter 12). Mirrors 44 and 40 are both highly 
reflective at 1.064 microns, and so any 1 . 064 -micron light 
is reflected back into vanadate laser 1 0 -. - 

Alternatively, Raman shifter 12 could be 
incorporated into laser 10 (i.e., laser 10 could be a Raman 
shifted laser) . 

- Other shifters may be en^jloyed. For example, 
parametric oscillators may be used which are of fixed 
wavelengths, that use 2 or 3 crystals at the same time. 
Under certain circumstances, tunable lasers are operable. 
Fosterite lasers have a tunable region that essentially 
straddles the absorption edge region of silicon, and can 
permit operation both beyond and below the absorption edge 
of silicon. At the present state of the art, they do not 
appear to be as efficient as they may become in time. As 
materials and inprovements are being continually developed 
in the laser field, it is within the invention to use such 
devices and obtain benefits according to certain of the 
broad aspects of the present invention. 
In summary: 

1) Short pulse laser operation is desirable for thin 
metal and polysilicon links because short pulses limit the 
time of heat dissipation to surrounding structures, 
especially the silicon substrate. 

2) To increase the process throughput it is 
desirable to maintain short pulses at high pulse repetition 
rates. This requires high-gain laser systems, necessitating 
operation of the laser at the shorter wavelengths. For 
conventional laser systems these wavelengths are the range 
of 1.047 microns to 1.064 microns. 

3) It is desirable to operate the laser at a laser 
wavelength slightly beyond the absorption edge of silicon. 
Operation at the longer wavelengths limits the heating of 
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the substr:ate that causes damage at high input energies. 
However, it is advantageous to operate the laser as close to 
the absorption edge as possible in order— to minimize the 
spot size and maximize the depth of focus of the spot. 
5 At the present state of the laser art the best fit 

to the above criteria appears to be to operate a high-gain 
laser (vanadate, for example) at a conventional wavelength. 
These lasers run below the absorption edge of the silicon 
substrate. It is desirable to shift the wavelength to 
10 beyond the absorption edge with a wavelength shifter such as 
a stimulated Raman scattering laser. This technique 
produces the best solution for memory repair- -a short -pulse, 
long-wavelength laser system, 
p There have been described novel and inproved 

□15 apparatus and techniques for laser processing. It is 
J" evident that those skilled in the art may now make numerous 
=p uses and modifications of and departures from the specific 
g embodiment described herein without departing from the 
s inventive concept. 

rf^O What is claimed is: 

o * 
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